An exciting challenge in the field of nanotechnology is the synthesis of nanostructures, such as nanowires, in a cost effective manner. Currently, there are two general approaches to fabricating nanowires. In the top-down approach, highly ordered nanolines of 10 nm or higher can be patterned by electron-beam 1 or dip-pen lithography, 2 which are both slow and expensive. Cost-effective alternatives such as soft lithography 3 or nanoimprint lithography 4 can produce features as small as 25 nm provided the molds contain features at that size scale. 5 In the bottom-up approach, on the other hand, chemical reactions are initiated such that atoms or molecules self-assemble to form nanowires. [6] [7] [8] [9] [10] [11] [12] [13] It offers cost-effective wires, but the wires are typically randomly arranged and cannot be patterned. Thus, a marriage between the two approaches resulting in patterned self-assembly is highly desirable.
Here, a rather simple method is presented for nanochannel and nanowire fabrication, where the initiation and termination points of nanostructures are prescribed, and the evolution of their pattern is dictated by stress-assisted cracking of a dielectric film on a substrate. Cracks are then used as molds for nanowires by filling them with a second material.
The very first step is to find a suitable substrate/thin film system where one can initiate cracking in the film in a controlled manner. Moreover, in the thickness direction, cracks should propagate all the way to the interface and arrest there to facilitate the filling process. Finally, crack openings should be on the order of nanometers.
The substrate/thin film system chosen for this study is Si ͑4-in.-diam, 450-575-m-thick, n-doped, 1-10 ⍀ cm resistivity ͗100͘ wafers͒ coated with a 5-m-thick SiO 2 film through plasma-enhanced chemical vapor deposition. The deposition parameters ͑Table I͒ are tuned to maximize silanol incorporation in the film, 14 where at elevated temperatures a condensation reaction between adjacent silanol molecules leads to escaping of water, and hence, to tensile stresses which can be estimated by measuring the wafer curvature. A KLA-Tencor Flexus Model 2908 measurement device is employed for this purpose.
Initial stress in oxide is measured to be 200 MPa in compression at room temperature. When the wafer is heated to 525°C with a heating rate of 5°C/min, a transition from initial compression to tensile stresses is observed. At the end of the ramp, a tensile stress of 100 MPa is recorded. Another 25 MPa is accumulated additionally, when the sample is held there for 24 h. In situ microscopy revealed that tensile stresses large enough to crack the film are attained within 30 min after reaching 525°C, after which stable crack propagation takes place. Resulting cracks extend through the film thickness arresting at Si interface with minor penetration into Si.
The next issue, the selection of a suitable filler material, is solved by using Nickelex®, the electroless Ni solution by Transene Company, Inc., because of its ability to deposit on Si exposed at the crack tip and leave the SiO 2 surface intact. If properly heat treated, it also adheres well to Si.
The details of the fabrication process involve the following steps: native oxide on Si at the bottom of cracks is removed by a 10 s buffered oxide etch ͑BOE͒. Then the chip is dipped in Nickelex® solution at 95-100°C for 2.5 min. The deposited nickel consists of independent islands that need to be fused together by heat treatment. The crack faces are widened further by BOE for 6 s. This is necessary to prevent substrate damage during the subsequent heat treatment, which is carried out at 465°C under nitrogen flow for 2. min. Heat treatment is followed by the final Ni deposition at 95-100°C for another 2.5 min.
Having demonstrated the principle of wire fabrication, the next issue to address is patterning, i.e., the question of dictating the number and orientation of wires. Without patterning, cracks in the film tend to propagate along ͗100͘ directions of the underlying Si substrate, a commonly observed phenomenon elsewhere. 15, 16 Patterning is accomplished by etching sharp corners for crack initiation and free surfaces for crack termination in Si to a depth of 10 m prior to oxide deposition via inductively coupled plasma-deep reactive ion etching through a modified Bosch process. 17 Etching of Si is followed by the deposition and annealing of the oxide film. During annealing, cracks form at the corners first, and extend along a direction that is symmetric with respect to the corner. They orient their trajectory to terminate at free edges perpendicularly such as channels or circular reservoirs in Fig. 1 .
Examples of resulting wires are given in Figs. 2 and 3 . Figure 2 shows a 120-nm-wide straight wire on Si. Si substrate is exposed here due to partial etching of SiO 2 in BOE for inspection purposes. The wire's cross section, shown in Fig. 3 , is observed to be a square.
To obtain free-standing wires, a set of parallel wires with 20 m spacing are also fabricated and partially released from the substrate to form 0.5-m-long cantilevers by etching Si in SF 6 plasma ͓Fig. 4͑a͔͒. Nanobridges can be fabricated similarly with Au pads on both ends. Figure 4͑b͒ shows a 70-m-long bridge with Si etched from underneath by 2 m.
The implications of the proposed method are far reaching. Guided self-assembly offers a paradigm in nano fabrication where top-down and bottom-up approaches merge. The nanochannels with prescribed geometry will allow nanofluidics studies through a network of reservoirs and channels. It will also be possible to carry out fundamental studies on transport characteristics of directed nanowires. The method will thus be of interest to a variety of disciplines including biology, physics, biochemistry, and engineering. To ensure that the wire is partially released, a cleaved chip with the wire is inverted, placed on a plasma chamber and is subjected to SF 6 plasma for 30 s for Si etching. Si is thus etched mostly near the cleaved face, while etching inside the oxide channel is diffusion limited. ͑b͒ A 70-m-long, free-standing nanowire bridging two gold pads. The gap between the wire and the substrate floor is 2 m deep. The wire is in tension. The force develops as the wire is cooled to room temperature after deposition at 95°C. A schematic of the wire is also shown.
